Background: Usual interstitial pneumonia (UIP), the pathologic correlate of idiopathic pulmonary fibrosis, contains characteristic discrete areas of fibroblasts, myofibroblasts, and newly formed collagen, termed fibroblast foci. These lesions are argued to represent isolated sites of recurrent acute lung injury and suggested to be the mechanism of disease progression. We hypothesized that, rather than isolated, these lesions are part of an organized neoplasm.
Introduction
Idiopathic pulmonary fibrosis (IPF) is a progressive fibrosing interstitial pneumonia of unknown etiology with a median survival of 3 years 1 .
Histopathologically, it is defined by a specific pattern on surgical lung biopsy, usual interstitial pneumonia (UIP). While a disease of unknown etiology, the current hypothesis regarding the development of IPF conceptualizes ongoing, multiple, small, focal and isolated episodes of epithelial injury followed by a pathologic fibrotic repair mechanism .
Unfortunately, there is little other direct evidence to support recurrent epithelial injury, and no obvious source or mechanism for this injury has been identified. Given the absence of direct evidence for the prevailing theory we considered alternative explanations for the fibroblast foci. We explored the hypothesis that, far from multiple discrete lesions, the young fibroblastic tissue that characterizes the fibroblast foci of the UIP lung is a complex interconnected neoplasm by reconstructing the UIP lung in three dimensions, performing stereologic analysis, and analyzing the clonality of these lesions.
Materials and Methods

Clinical material
Surgical lung biopsy specimens were obtained from subjects with IPF and cryptogenic organizing pneumonia (COP) who had been prospectively enrolled in our IRB-approved, HIPPA compliant protocols. 
3D reconstruction
Five micron serial sections were cut over approximately 500 microns (approximately 100 sections) from surgical lung biopsies from 4 cases of UIP and 1 case of COP. Slides were stained with pentachrome (Movat),and digitally photomicrographed. These sections were manually translated and rotated so that the consecutive images were co-aligned with respect to clear features such as blood vessels and tissue boundaries, utilizing the pleura as the primary reference point (see Figure 1 online supplement). Analysis focused on the following features: pleura, macrophage clusters, pulmonary vessels, and interstitial fibroblast proliferation (fibroblast foci). The twodimensional images were collated into three-dimensional structures using proprietary software written in C and C++ that imports the registered and colored images from a numbered series of image files and stores them in a three-dimensional data array. Missing levels (due to tissue ribbon breaks, etc) were interpolated from adjacent sections using a percentage-closer interpolation technique. Two complementary methods were used to analyze the data array. For the first method, the freeware software Vis5D was used to visualize the three-dimensional array. For the second method, the marching-cube algorithm 12 was used to create a polygon mesh along the isosurface of the volumetric data using a local density function of the given component of interest (e.g. fibroblastic tissue). The resulting polygon mesh was smoothed to remove spurious high-frequency detail that is artifactually created in the reconstruction due to finite sampling. The final polygon meshes were imported into Softimage|XSI for final rendering.
Stereologic analysis and calculation of Euler number
Stereologic analysis was performed using a light microscope on 5 UIP cases and one COP case. One block from each subject was analyzed for connectivity using multiple sections over 500 microns (range 455 to 510 microns). 
Results
2-dimensional histopathology
The histologic appearance of UIP and COP are contrasted in Figure 1 . UIP is a fibrosing interstitial pneumonia that exhibits architectural distortion, little cellular inflammation, spatial and temporal heterogeneity with advanced interstitial fibrosis as well as essentially normal parenchyma within the same microscopic field. In addition to the deposition of mature collagen (yellow in the pentachrome stain), immature collagen (stained bluegreen) appears as interstitial foci projecting into the airspaces. On twodimensional section these individual foci appear independent and discrete.
In contrast, COP is an airspace filling process that leaves the interstitium largely uninvolved with little architectural distortion. The individual plugs of fibroblastic tissue (Masson bodies) appear to fill the entire airspace, from the small airway to the alveolus. 
Analysis of connectivity
3-dimensional reconstruction
In addition to the connectivity suggested by the Euler number, computer generated three-dimensional models provide a visual and intuitive presentation of the data (Figures 2 and 3 ). When viewed in three dimensions, the isolated fibroblast foci appear as an interconnected network, forming a 'fibroblast reticulum' expanding into the underlying tissue and closely intertwined with an extensive and abnormal vascular network.
Analysis of clonality
The identified interconnectivity of the fibroblast reticulum in UIP raised the possibility of a monoclonal, malignant process as the mechanism for the progression of UIP. Surgical lung biopsy specimens from 7 women with COP and 7 women with UIP were microdissected and analyzed using the human androgen receptor gene methylation assay (HUMARA). HEC-1-A endometrial adenocarcinoma cells were used as a positive control. Figure 4 shows the HhaI digested PCR products from representative cases of UIP and COP. All of the patients showed balanced methylation patterns, consistent with polyclonality. Only the positive control, HEC-1-A, showed unbalanced methylation consistent with monoclonality. The data from analysis of all the specimens are presented in the online supplement (Table 3 ). The corresponding normal tissues had inactivation ratios between 0.87-1.41, and were used to correct for alterations in clonality ratio due to lyonization.
Thus, both UIP and COP are polyclonal proliferations of fibroblasts.
Discussion
Despite considerable recent investigation of IPF/UIP, neither the initial Despite the high level of connectivity seen among the fibroblast foci of UIP, clonality analysis reveals that it is a polyclonal proliferation, rather than a monoclonal population of fibroblasts. This suggests that UIP/IPF is not malignant but reactive in nature. The mechanism responsible for this reaction remains elusive; however, a number of possibilities exist. This phenotypic transformation of lung fibroblasts may be due to a persistent localized autoimmune stimulus 17 18 a chronic infectious process with both latent and active phases such as a gamma herpes virus 19 , or selection of specific subsets of lung fibroblasts or circulating mesenchymal stem cells followed by localization and polyclonal expansion.
In conclusion, we have found that the fibroblast foci of UIP, far from being isolated discrete sites of focal lung injury, form a highly complex and interconnected, non-malignant reticulum extending from the pleura into the lung parenchyma. These findings argue against the underlying biologic cause of UIP being the result of multiple, small, focal and isolated episodes 
Figure 2
Computer-generated three-dimensional reconstructions of: (A) pleural surface (yellow) and blood vessels (red), and (B) with the fibroblast reticulum added (green).
Figure 3
Computer-generated three-dimensional reconstructions of UIP (A) and COP (B). In this rendering, fibroblastic tissue is white, blood vessels are red, and the pleural surface is brown. Online Data Supplement *contributed equally to this manuscript
Methods:
Analysis of clonality. Surgical lung biopsy specimens from 7 women with UIP and 7 women with COP were analyzed. DNA from the endometrial adenocarcinoma cell line HEC-1-A (American Type Culture Collection, Rockville, MD) was used as a positive control for restriction digestion and PCR amplification. This cell line is heterozygous at the human androgen receptor STR and shows complete disappearance of one allele band after restriction digestion. Reagent controls lacking target DNA were used as negative controls to monitor for contamination by PCR amplification products.
To obtain samples for DNA analysis by PCR, microdissection was performed on the tissue sections to isolate the fibroblast foci and Masson bodies using an Arcturus Pix Cell II (Arcturus Bioscience, Mt. View, CA). Briefly, seven micron sections were mounted on non-plus slides and subsequently stained with Histogene Staining Solution (Arcturus, Mt. View, CA) to aid in visualization of lesions. The internal control consisted of tissue free of fibroblastic lesions. Microdissected tissue was digested with proteinase K (MBI Fermentas, Hanover, MD) overnight at 37° C. Clonality was determined with an adaptation of the human androgen receptor gene methylation assay (HUMARA). The methylation pattern of the DNA was examined using the methyl-sensitive restriction endonuclease Hha I (Invitrogen, Carlsbad, CA). Two rounds of PCR were performed. The first round of PCR was an amplification of the whole genome. This round was completed using the GenomePlex Complete Whole Genome Amplification (WGA) Kit (Sigma, Saint Louis, MO). The second round of PCR was an amplification of the HUMARA short-tandem repeat (STR). The second round was performed with an inner primer 1 (5'-TCCAGAATCTGTTCCAGAGCGTGC-3') and primer 2 (5'-ATGGGCTTGGGGAGAACCATCCTC-3'). PCR products were analyzed by electrophoresis on a 2% agarose gel. Each allele is represented by two major bands, one from the maternal parent and one from the paternal parent.
For each sample, the allele inactivation ratio was calculated by dividing the allele amplification ratio of the Hha I-digested sample (allele 1/allele 2) by the allele amplification ratio of the Hha I-nondigested sample (allele 1/allele 2) in order to correct for preferential amplification of one allele versus the other, as might occur if the two alleles differed markedly in the length of their repeats. The use of the histologically normal lung tissue allele inactivation ratio corrects for the degree of an aberrant X-chromosome inactivation in normal tissue. A clonality ratio for each lesion was determined by dividing the allele inactivation ratio of the lesion by that of the lung parenchyma, thereby normalizing values for possible unequal lyonization. If the clonality ratio was < 1.0, it was substituted as its inverse. Analysis of cases was based on the assumption that if the lesion has balanced methylation between two alleles, suggestive of polyclonal composition, the clonality ratio should range between 0.25 and 1.0; if it has completely nonrandom methylation, suggestive of monoclonal composition, the clonality ratio should range between 0 and 0.25. A clonality ratio < 0.25 was considered evidence of nonrandom methylation.
Figure Legend
Figure E1. Images of individual histological sections are shifted by hand in order to maximize the alignment of specific structures, such as the pleura, large vessels and airways. The stack of aligned images is then imported into a three dimensional data structure for analysis, reconstruction and rendering.
Results: Table E3 . Surgical lung biopsy specimens from 7 women with UIP and 7 women with COP were analyzed. Patient ages and the number of lesions studied are shown. Clonality was determined with an adaptation of the human androgen receptor gene methylation assay (HUMARA). The average allele inactivation ratio is shown for each patient sample, with 1.0 representing a completely random pattern of inactivation. The unbalanced methylation data represent the number of lesions with a clonality ratio <0.25, suggestive of monoclonality.
